Abstract The cAMP-signaling pathway has been under intensive investigation for decades. It is a wonder that such a small simple molecule like cAMP can modulate a vast number of diverse processes in different types of cells. The ubiquitous involvement of cAMP-signaling in a variety of cellular events requires tight spatial and temporal control of its generation, propagation, compartmentalization, and elimination. Among the various steps of the cAMP-signaling pathway, G-protein-coupled receptors, adenylate cyclases, phosphodiesterases, the two major cAMP targets, i.e., protein kinase A and exchange protein activated by cAMP, as well as the A-kinase anchoring proteins, are potential targets for drug development. Herein we review the recent progress on the regulation and manipulation of different steps of the cAMP-signaling pathway. We end by focusing on the emerging role of cAMP-signaling in modulating protein degradation via the ubiquitin/proteasome pathway. New discoveries on the regulation of the ubiquitin/proteasome pathway by cAMP-signaling support the development of new therapeutic approaches to prevent proteotoxicity in chronic neurodegenerative disorders and other human disease conditions associated with impaired protein turnover by the ubiquitin/proteasome pathway and the accumulation of ubiquitin-protein aggregates.
As an intracellular second messenger that can induce a wide variety of downstream effects, cAMP is under tight control in living cells. The cyclic nucleotide is generated by adenylate cyclases (ACs) and hydrolyzed by phosphodiesterases (PDEs).
Initiation of cAMP-Signaling
Research four decades ago by Nobel Prize Laureate Paul Greengard revealed that in the caudate nucleus of rat brain, dopamine stimulated the cAMP-dependent signaling pathway via activation of the enzyme adenylate cyclase (AC) [1] . These findings opened the door to new explorations focusing on the important role of cAMP in the nervous system [2] .
cAMP is generated by two families of ACs, both of which belong to the class III AC superfamily (AC; E.C. 4.6.1.1). One family includes nine transmembrane ACs (tmACs AC1-AC9) that are linked to and are activated by G-protein-coupled receptors (GPCRs). These transmembrane ACs stimulate cAMP-signaling in response to extracellular factors. The second family comprises the soluble AC (sAC, AC10), which is modulated by calcium and bicarbonate, and is distributed throughout the cytoplasm and within cellular organelles [3, 4] . In the human genome, there seems to be only one gene encoding for sAC, but it undergoes extensive alternative splicing [5] . First discovered in the cytoplasm of rat testis [6] , the N-terminus of the full length mammalian sAC (sAC fl ) contains two heterologous catalytic domains (C1 and C2), whereas the C-terminus exhibits several putative regulatory domains [5] . The truncated form of sAC comprising C1 and C2, displays stronger activity than its full length [5] . Discovery of the sAC supports a cAMP microdomain model, in which it is proposed that cAMP produced by so many different ACs, triggers downstream events locally and then cAMP is rapidly degraded by PDEs (discussed in the next section) to prevent cAMP from diffusing to other subcellular locations [5] .
Different types of ACs have recently become attractive therapeutic targets for drug development [4] . To explore new treatment approaches, most studies focus on tissue distribution of different ACs, particularly in the nervous system. High expression of AC1 and AC8 was detected in the brain, while AC5 and AC6 are most abundant in spinal cord [7] . The phenotype of knockout mice, as well as the availability of specific inhibitors and activators for each type of ACs, are well documented in a recent review [7] . Out of the nine tmACs, AC1 and AC8 have been intensively studied in neurons as they are the major Ca 2? -stimulated ACs [8] . AC1 and AC8 double knockout mice display defective longterm potentiation (LTP), suggesting a synergy between intracellular Ca 2? and cAMP-signaling in LTP and synaptic plasticity, and therefore in memory formation [8] . Moreover, the sAC is also involved in calcium-dependent activation of the cAMP/PKA cascade in neurons [9] .
The discovery of mitochondrial PKA in various rat tissues [10] was puzzling since it was not understood how cAMP molecules could travel that far into the cell, escape hydrolysis by PDEs, and get into mitochondria, which have cAMP impermeable membranes. This puzzle was solved with the discovery of a functional sAC in mitochondria [11] , the existence of which was proposed 10 years prior to its discovery [12] . An interesting CO 2 -HCO 3 --sAC-cAMP-PKA (mito-sAC) signaling cascade was recently proposed [11] . In this cascade, bicarbonate anions synthesized by carbonic anhydrase from carbon dioxide generated in the tricarboxylic acid cycle (TCA cycle/Krebs cycle), activate the intramitochondrial sAC to produce cAMP within the mitochondrial matrix. In turn, this cAMP activates mitochondrial PKA, which then phosphorylates components of the electron transport chain therefore modulating oxidative phosphorylation to meet the requirements for intracellular metabolic homeostasis [11] . The sensitivity of sAC to bicarbonate anions and calcium cations supports a role for sAC in the regulation of cellular metabolism and apoptosis [13] . A recent in vitro study with adult rat cardiomyocytes subjected to simulated ischemic/reperfusion conditions, demonstrated that sAC is activated by cytosolic Ca 2? overload [14] . The resulting rise in cAMP led to PKAdependent phosphorylation of Bax at Thr167 and then to a series of downstream events culminating in activation of the mitochondrial apoptotic pathway [14] . Regulation of sAC by bicarbonate was also investigated in the carotid body, which monitors pH/CO 2 levels via peripheral arterial chemoreceptors [15] . It was found that bicarbonate activates the sAC and up-regulates its mRNA levels in a concentrationdependent manner [15] .
The compartmentalization of cAMP-signaling achieved by the complex organization and regulation of ACs at different levels, including oligomerization, lipid raft interactions, and formation of a variety of protein complexes, confers specificity to the cAMP downstream events [16] . The availability of so many different ACs, considered to be promising therapeutic targets, makes cAMP a Fig. 1 cAMP is a universal second messenger. cAMP is generated by transmembrane adenylate cyclases (tmACs) linked to and activated by G-protein-coupled (GPC) receptors. These tmACs stimulate cAMP-signaling in response to extracellular factors. The soluble AC (sAC) is modulated by calcium and bicarbonate, and mediates cAMP-signaling in response to intracellular signals. Localized cAMP synthesis by the different ACs as well as the rapid hydrolysis of cAMP by phosphodiesterases (PDEs) support the cAMP microdomain model of action. Accordingly, cAMP triggers downstream events in a discrete localized manner, via its two targets: cAMP-dependent protein kinases (PKAs) and exchange proteins activated by cAMP (Epac). Specific A-kinase anchoring proteins (AKAPs) form complex ''transduceosomes'' by reversibly binding GPC receptors, ACs, PDEs, PKAs, Epacs, and other molecules, such as mRNAs of several nuclear-encoded mitochondrial proteins. AKAPs provide for efficient and regulated spatiotemporal subcellular compartmentalization of cAMP-signaling. Targeting the various steps within the cAMPsignaling pathway (blue boxes) with specific drugs (yellow boxes), will provide a means for regulating protein turnover by the UPP (green boxes), by manipulating levels and phosphorylation of its components, such as the ubB gene, shuttling factors (p62/sqstm1 and p97), E3 ligases (CHIP, atrogin-1, MuRF-1), and subunits of the 26S proteasome. Development of new, more specific, and efficient agents to modulate cAMP-signaling will have a critical beneficial impact on human disease conditions linked to deregulated protein degradation by the UPP (Color figure online) universally utilized signaling molecule [4] . In addition, the existence of cAMP subcellular microdomains ensures the specificity of cAMP-signaling, albeit its widespread involvement in multiple regulatory pathways [5] .
Termination of cAMP-Signaling in Cells cAMP is hydrolyzed into adenosine monophosphate (AMP) by 3 0 ,5 0 -cyclic-nucleotide phosphodiesterases (PDEs) (EC 3.1.4.17), a superfamily of 11 families encoded in mammalian cells by 21 genes [17] . Decades of intensive research and the development of numerous PDE inhibitors created a multi-billion-dollar successful industry, due to the extensive tissue distribution and diverse functions of the PDEs [17] [18] [19] [20] . Moreover, coffee, cocoa, and tea, which have been consumed for thousands of years, contain many effective PDE inhibitors including caffeine, the first ever known PDE inhibitor and one of the major active ingredients in these three products [17] [18] [19] [20] .
All mammalian PDEs share a conserved catalytic domain (C domain) in spite of the highly variable amino acid sequence outside of this particular region [17] . A number of different types of PDEs are located in the nervous system, and each neuron usually has more than one type of PDE [18] . Some neuronal PDEs have been linked to the etiology of certain neurological and psychiatric diseases, and because of their considerably distinct regulatory regions outside the C domain, PDEs are considered highly specific therapeutic targets [18] .
cAMP Downstream Targets (Fig. 1 , Blue Boxes)
Research by Nobel Prize Laureate Earl W. Sutherland Jr. on the mechanism by which epinephrine exerts its action, introduced the breakthrough concept of how environmental stimuli, via the second messenger cAMP, trigger intracellular signaling pathways that significantly affect diverse downstream phenomena. As a second messenger in the cell signaling transduction system, cAMP plays numerous roles in cells. Since its discovery more than half a century ago, most attention has been paid to the two major targets of cAMP, protein kinase A (PKA) [21] and exchange protein activated by cAMP (Epac) [22, 23] .
Protein Kinase A (PKA)
The holoenzyme of cAMP-dependent protein kinase (EC 2.7.11.11), also known as protein kinase A (PKA), is composed of two catalytic subunits (C) and two regulatory subunits (R) which form a tetramer (R2C2) [24] . The activity of the catalytic subunits requires phosphorylation at threonine 197 (T197) in the activation loop, by a phosphoinositide-dependent protein kinase [25, 26] . Besides T197 phosphorylation, the activity of PKA is regulated by disassociation or association of the regulatory and catalytic subunits. Without cAMP, PKA is an inactive tetrameric holoenzyme. The binding of cAMP to the regulatory subunits induces conformational changes that lead to their dissociation from the catalytic subunits, resulting in a regulatory subunit dimer with four cAMP molecules, R 2 cAMP 4 , and two active catalytic monomers [27] .
The importance of PKA in so many intracellular processes increased the interest in developing PKA inhibitors to facilitate the study of its downstream mechanisms. The H-series of protein kinase inhibitors were developed by Hidaka and colleagues as early as 1977 [28] . One of the most widely used PKA inhibitor is H89, but it was found to inhibit at least eight other kinases (MAPKAP-K1b, MSK1, KBa, SGK, S6K1, ROCK II, AMPK, and CHK1) [29] . Currently, there are other PKA inhibitors that appear to be more specific than H89, such as Rp-cAMPS and its analogs, as well as synthetic analogs of the endogenous PKA inhibitor (PKI) [30] .
The active catalytic subunits of PKA phosphorylate serine and threonine residues on specific substrates located in different subcellular compartments, including the cytoplasm and the nucleus [31, 32] . One particular family of PKA substrates, the cAMP-responsive element binding protein (CREB) family of transcription factors, regulates the expression of genes with promoter regions that contain the cAMP-responsive element (CRE). CREB is phosphorylated by PKA at serine 133 in the P-box, or kinaseinducible domain (KID) [33] .
Exchange Protein Activated by cAMP (Epac)
The discovery of the Epac presented an alternative target for cAMP. Initially described for activation of Rap1 by forskolin and cAMP, a phenomenon found to be PKA-independent, Epac provided for a mediator of many phenomena that could not be attributed to PKA [22] . Two independent genes were isolated by screening clones for cAMP motifs: cAMP-GEFI and cAMP-GEFII, also known as Epac1 and Epac2, respectively [34] . Both of these genes were also characterized by the presence of Ras superfamily guanine nucleotide exchange factor (GEF) domains [34] . The major function of Epacs is to serve as GEFs for both Rap1 and Rap2 [35] . In these Rap proteins, the switch from the inactive guanosine diphosphate (GDP)-bound state to the active guanosine triphosphate (GTP)-bound state is catalyzed by the two GEF proteins, which turn on the signal pathway by exchanging GDP to GTP [36] . On the other hand, GAPs (GTPase-activating proteins) deactivate the small G proteins by promoting hydrolysis of GTP to GDP [36] .
The regulatory region of the Epac proteins has two different types of domains: (a) cyclic-nucleotide binding (CNB) domain [one for Epac1, two (CNB-A and CNB-B) for Epac 2] , and (b) Disheveled, Egl-10, and Pleckstrin (DEP) domain [37] . The catalytic region is composed of three different types of domains: (a) CDC25-homology (CDC25-HD) domain containing the active site, (b) the Ras exchange motif (REM) domain, and (c) a Ras-association (RA) domain in between [37] . The structure of Epac2 in complex with the cAMP analog Sp-cAMPS and with RAP1B was solved by X-ray crystallography and single particle electron microscopy, revealing the mechanism by which Epac is activated by cAMP [38, 39] . Briefly, without cAMP, Epac2 remains in an auto-inhibited state in which the CNB-B domain prevents Rap from accessing the active site. Upon cAMP binding, its interaction with the CNB-B and REM domains releases the auto-inhibition and renders the active site in the CDC25-HD domain available to Rap.
Compartmentalization of cAMP-Signaling Within Cells (Fig. 1, Blue Box)
The tight spatial and temporal control of cAMP-signaling can be partially accomplished by the function of A-kinase anchoring proteins (AKAPs) also known as ''transduceosomes'' [40] . These are a group of heterogeneous scaffold proteins sharing the same PKA-binding domain [41] , although they have none or minor similarity in their primary sequences [42] . The relative conservation of the PKA-binding site on AKAPs, facilitates their interaction with the PKA regulatory subunits. Conversely, the wide variation among most AKAPs provides for the remarkable versatility of their association with different partners, including Epacs, to form multiprotein complexes that support their involvement in diverse processes [43, 44] .
There are three ways by which AKAPs can regulate cAMP-signaling: binding to R subunits of the PKA holoenzyme, delivering PKA to the target subcellular locations, and assembling PKA with its downstream targets [45] . All of these processes greatly increase the accuracy and efficiency of modulating cAMP-signaling, thus making AKAPs attractive targets for new drug development [46, 47] . A recently established quantitative chemical proteomic approach, provided a means to characterize the interaction between specific isoforms of the PKA-R subunits and AKAPs in various tissues and cells, therefore greatly facilitating the exploration and verification of PKA-R/AKAP interactions [48] .
Manipulation of cAMP-Signaling (Fig. 1, Yellow Boxes) Different steps of the cAMP-signaling pathway can be targeted for manipulation, including receptors coupled to tmACs, ACs, cAMP analogs, and PDEs.
Pituitary Adenylate Cyclase-Activating Peptide (PACAP) For more than 20 years, an impressive number of studies on the pituitary adenylate cyclase-activating peptide (PACAP) have been published, and they have been frequently and comprehensively reviewed. PACAP exists in two bioactive molecular forms, one of 38 residues (PACAP38) and a shorter form corresponding to the N-terminal 27 residues of PACAP38 (PACAP27) [49] . PACAP is a member of the vasoactive intestinal polypeptide (VIP)-secretin-growth hormone-releasing hormone-glucagon superfamily [49] . This superfamily of peptides binds to two types of receptors: (a) type I receptor (PAC1-R), which has a much higher affinity for PACAP than for VIP and activates both AC and phospholipase C (PLC); (b) type II receptors (VPAC1-R and VPAC2-R), which have a similar affinity for PACAP and VIP, and activate primarily AC [49] . Gene expression profiles of the three different PACAP receptors by real time PCR, revealed that PAC1-R expression declines during later stages of development, while VPAC1-R and VPAC2-R expression increases from newborn to the later stages of development [50] .
PACAP regulated genes involved in neuritogenesis, cell morphology modulation, and cell survival, have been screened in both PC12 cells and in vivo [51] . A recent proteomics study conducted upon intracerebroventricular administration of PACAP to rats, further explored the mechanisms by which PACAP exerts its neurotrophic and neuroprotective effects in the brain [52] . The results revealed that proteins with expression profiles altered by PACAP treatment are involved in many cellular processes including cytoskeleton modulation, synaptic plasticity, cellular differentiation, neuroprotection, neurodegeneration, and apoptosis, supporting the notion that PACAP is a promising therapeutic peptide for treatment of multiple neural disorders [52] .
The neuroprotective effects of PACAP are mediated by both the canonical cAMP/PKA pathway and the noncanonical cAMP/ERK1/2 pathway [53] . These two downstream PACAP-mediated pathways seem to be activated in a concentration-dependent manner, as the effects of subpicomolar PACAP38 levels are mainly mediated by ERKtype MAPK, whereas those of nanomolar PACAP38 levels result from activation of the cAMP/PKA pathway [54] .
PACAP was found to have neuroprotective effects in several in vivo and in vitro models of neurodegenerative disorders including Parkinson disease (PD), Huntington disease (HD), and Alzheimer disease (AD) [55] . The finding that genes encoding for PACAP are downregulated in several mouse models of AD and temporal cortex samples from AD patients, strengthens the idea of using PACAP as a therapeutic drug applicable to neurodegenerative diseases [56] . For instance, in a model of AD, long-term daily intranasal administration of PACAP to transgenic mice expressing the mutant form of the amyloid precursor protein (APP-V717I), stimulated its non-amyloidogenic processing [57] . Moreover, combined administration of PACAP with mesenchymal stem cells (hMSCs), synergistically promoted the functional recovery of rats with severe spinal cord injury (SCI) [58] . Notably, PACAP concentrations as low as 0.01 nM in combination with PDE inhibitors (rolipram, a PDE4-specific inhibitor, or IBMX, a non-specific PDE inhibitor), displayed significant neurotrophic effects against glutamate-induced excitotoxicity in motoneuron cultures [59] . The latter results suggest that PACAP is a promising therapeutic approach for treatment of amyotrophic lateral sclerosis (ALS) [59] .
Besides its neuroprotective actions in neurodegenerative diseases, the effects of PACAP on neurons have been studied in other pathological conditions. PACAP is also neuroprotective in the context of retinal excitotoxicity, the major etiology of glaucoma, by preventing ganglion cell death induced by N-methyl-D-aspartate acid (NMDA) [60] . Likewise, ethanol-induced toxicity via the c-Jun and caspase-3 pathways is prevented by PACAP in rat cerebellar neurons [61] . Moreover, PACAP controls the migration of cerebellar granule cells via the AC-cAMP and PLC-Ca 2? pathways [62] . In PAC1-R -/-knockout mice, newly generated neurons in the granule cell layer of the cerebellum were eliminated before their differentiation, further supporting the role of PACAP/PAC1-R signaling in the development of cerebellar neurons [63] . A comparison between wild-type and PACAP knockout mice when subjected to an enriched environment, revealed an important role for endogenous PACAP in adult hippocampal neurogenesis in the dentate gyrus [64] . The effects of PACAP on neural stem/progenitor cells (NPC) have also been characterized [65] . PACAP significantly improved survival of postnatal mouse NPCs and decreased NPC differentiation, suggesting that PACAP may function to maintain the multipotent state of NPCs, a process that is important in self regeneration in vivo [65] .
In addition to neurons, PACAP affects other cells in the nervous system. For example, PACAP prevents astrocytes from H 2 O 2 -induced oxidative stress, via PKA, PKC, and mitogen-activated protein (MAP)-kinase kinase (MEK) pathways [66] . PAC1-R and VPAC2-R receptors as well as the PACAP precursor peptide were detected in a rat schwannoma cell line (CRL-2768); upon serum deprivation, treatment with PACAP and VIP prevented apoptosis in these cells [67] .
Truncated forms of PACAP were developed to help understand the sequence-and conformation-requirements of its biological activity. These shorter PACAP-based peptides may increase its therapeutic efficiency, not only because they are easier to synthesize and to deliver in vivo, but also because they are likely to exhibit higher stability. Notably, lipopolysaccharide-induced neurotoxicity in primary rat mesencephalic neuron-glia cultures, was prevented by a short form of PACAP containing only three amino acids [Gly-Ile-Phe, GIF, or PACAP4-6), administered at an incredibly low concentration (10 -13 M) [68] . Failure to elevate cAMP and the inability of a PAC1-R antagonist (PACAP6-38) to abolish its neuroprotective efficacy, suggest that these GIF effects are mediated by an alternate target, such as inhibition of NADPH oxidase [68] . To overcome its instability, a more stable PACAP analog was synthesized: acetyl-[Ala 15 , Ala 20 ] PACAP38-propylamide [69] . In a rat stroke model involving middle cerebral artery occlusion, the latter PACAP analog displayed neuroprotective effects similar to PACAP, but at remarkably lower (picomolar) levels [69] .
The neuroprotective effects of a variety of PAC1-R/ VPAC1-R-selective agonists were evaluated, revealing that His 1 , Asp 3 , and Phe 6 are critical for activation of the PAC1-R receptor [70] . This is consistent with a structure-activity relationships (SAR) study showing that Asp 3 and Phe 6 are primary components of the PAC1-R pharmacophore, and that the N-terminal domain (His ) is crucial for PAC1-R activation [71] . Using more than ten different short peptides based on the PACAP sequence, other studies addressed some of the PAC1-R activation requirements [72] . It was established that several domains in PAC1-R are involved in the interactions of PACAP27 with PAC1-R [72] . Furthermore, the peptide a-helical structure was not enough to activate PAC1-R, suggesting that the development of small peptidomimetic analogs exhibiting full capacity is going to be challenging [72] .
Forskolin
More than two decades ago the natural plant product forskolin was identified as a general activator of adenylate cyclase [73] . Forskolin is widely used as a standard means to increase cAMP levels to study its signaling pathways, and to test if cAMP-PKA is involved in poorly characterized mechanisms [74] . Here we review a few emerging studies focusing on the neuroprotective effects of forskolin. In PC12 cells, forskolin induces neurite outgrowth via Nur77, an orphan nuclear receptor and immediate-early response gene, and protects these cells against L-3,4-dihydroxyphenylalanine (L-DOPA) toxicity [75] . Activation of cAMP-PKA signaling by forskolin triggered synaptic vesicle exocytosis and recycling in NT2 cells [76] . Similar to cell permeable cAMP analogs, forskolin-induced neuronal differentiation of embryonal carcinoma stem cells Ntera2 (NT2), confirmed by neurite formation, extension, and elaboration [77] . These results underscore the role of cAMP-PKA signaling in neurite outgrowth and neuro-regeneration [77] .
Cell Biochem Biophys (2013) 67:55-66 59 Notably, elevating cAMP levels has been used as a successful strategy to overcome the inhibitory effect of myelin, which is one of the challenges in axonal regeneration following spinal cord injury [78] .
cAMP Analogs
For decades many cAMP analogs have been developed to explore and elucidate the functions of cAMP as a universal second messenger that regulates numerous pathways in living cells. Efforts to develop cAMP analogs date back to the 1960s, even prior to the characterization of PKA [79] . Hundreds of cAMP derivatives have since been developed. The primary reasons for developing different cAMP analogs are to improve cell permeability, metabolic stability, and specificity for both activation and inhibition of downstream targets [80, 81] . Structural and functional analyses provided the basis for developing cAMP analogs. In brief, the 3 0 and 5 0 positions in the cyclophosphate ring of cAMP are crucial for PKA affinity and therefore provide no room for modifications [82] . Substitution of a halogen at position 8 of cAMP is a common strategy to render cAMP analogs resistant to PDE hydrolysis, and to increase cell permeability if the substitution groups are hydrophobic [81] . Dibutyryl and 8-bromo analogs, namely, N6, O2 0 -dibutyrylcAMP (Bt2-cAMP) and 8-bromo-cAMP (8-Br-cAMP) are used as standard tools for studying signal transduction and therapeutics. Their lipophilicity or hydrophobicity increase cell permeability which is slightly higher for Bt2-cAMP than for 8-Br-cAMP [83] . Concerns were raised in regard to Bt2-cAMP due to a number of bioactivities associated with its metabolite butyrate, including PKC stimulation, proapoptotic effects, and induction of the expression of many genes [80] . Therefore, control experiments with butyrate should be included when using Bt2-cAMP [80] . Development of two series of phosphorothioate derivatives of cAMP, i.e., Sp-and Rp-cAMPS, which are cAMP agonists/ activators and antagonists/inhibitors respectively, facilitated the purification of cAMP-binding proteins including PKA, thus providing a means for their detailed biochemical characterization [84] .
Identification of the new cAMP target Epac led to the development of specific Epac activators, so that the different pathways by which cAMP exerts its downstream effects can be distinguished. The availability of various cAMP analogs that selectively and specifically activate and therefore differentiate the PKA and Epac pathways, greatly improved the research on cAMP-mediated pathways [37, 85] . Epacselective analogs were obtained by replacing the 2 0 OH of the cAMP ribose group with 2 0 O-Me [86] . This strategy was based on Epac lacking the glutamate that interacts with the 2 0 OH group of cAMP in PKA [86] . Based on these findings, one of the most universally used Epac specific activators is 8- (4-chloro-phenylthio)-2 0 -O-methyladenosine-3 0 ,5 0 -cyclic monophosphate (8CPT-2Me-cAMP) [86] . The latter cAMP analog exhibits a modification at the 2 0 hydroxyl group on the ribose ring of cAMP, which is a critical site for PKA interaction and determines the selective affinity of cAMP for PKA [87] . 8CPT-2Me-cAMP is considered to be the ''super Epac activator'' and can be found in virtually every single paper studying Epac after its discovery [88] . The choice of using 8CPT-2Me-cAMP is based on the 4.6-fold increase in its affinity for Epac1 when compared to cAMP, as well as its 107-fold selectivity for Epac1 versus PKA, and its enhanced cell permeability [88] . Epac activators dissimilar in structure to cAMP, were identified by high-throughput screening based on their ability to displace [ 3 H]cAMP from the cAMP-binding site on Epac [89] . Functional tests are still required prior to wide application of this new series of compounds that are not structurally related to cAMP [89] .
A new approach based on fluorescence resonance energy transfer (FRET) involves the expression of a cAMP sensor that contains the cAMP-binding site from human Epac1 [90] . This newly synthesized cAMP sensor changes conformation upon cAMP binding, leading to alterations in detectable FRET signals that can be modulated by AC inhibitors and cAMP analogs. This approach allows for precise measurements of intracellular cAMP concentrations, and accurate evaluation of cell permeability of different cAMP analogs suitable for various cell types [90] .
Currently there are no optimal specific inhibitors/antagonists for Epac [81, 91, 92] . Development of Epac-selective antagonists has been difficult due to the lack of high resolution structural information on cAMP bound to both Epac isoforms [88] . This difficulty has delayed characterization of Epac signaling pathways [88] . Moreover, the cAMP derivative Rp-cAMPS was found to also inhibit Epac, thus diminishing its value as a selective PKA inhibitor [87] . Brefeldin-A, which inhibits GDP-GTP exchange on ADPribosylation factors (ARF), as well as the Rap-1 antagonist geranylgeranyltransferase inhibitor (GGTI) are used to block Epac signaling [93] . These two drugs abolish the 8CPT-2Me-cAMP effects without directly affecting the Epac protein itself [93] . Development of new Epac-selective antagonists will facilitate research on Epac signaling pathways, and avoid attributing too many processes arbitrarily and unwarrantedly to Epac isoforms. Alternate strategies to investigate Epac signaling pathways include siRNA to suppress Epac expression, or mutational approaches [91] .
PDE Inhibitors
PDE inhibitors can function as neuroprotective drugs that exert their effects by elevating cAMP. Various comprehensive reviews were published recently on PDE inhibitors [17] [18] [19] , but new studies are constantly emerging at a fast pace. For example, S14 (Phenyl-2-thioxo-(1H)-quinazolin-4-one), a blood brain barrier permeable PDE7 inhibitor, was shown to be neuroprotective against different insults in dopaminergic neuronal cultures (SH-SY5Y cells and primary rat mesencephalic cultures), as well as in a lipopolysaccharide-induced rat model of Parkinson disease [94] . Moderate doses of rolipram, a PDE4 inhibitor, mitigated dopamine depletion in the striatum and loss of tyrosine hydroxylase-positive neurons in the substantia nigra, induced by1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in mice [95] . Following ischemia in mice, rolipram promoted survival of newborn neurons in the adult mouse hippocampal dentate gyrus via activation of cAMP-CREB signaling [96] . Sildenafil, a PDE5 inhibitor, is considered to have therapeutic potential for treating selective neurological conditions including stroke, dementia, and neurodegenerative disorders as well as to improve learning [97] .
The etiology of Huntington disease (HD) is closely associated with downregulation of CREB-modulated genes, thus PDE inhibitors have been investigated as therapeutic drugs to ameliorate the symptoms of HD [98] [99] [100] . PDE4 was suggested to be one of the most critical PDEs in the brain [101] . The PDE4 inhibitor rolipram was shown to ameliorate several neuropathological aspects in the quinolinic acid (QA)-induced rat model of HD [102] , and in the R6/2 mouse model of HD [103, 104] . Neuroprotection by rolipram, including reduction of striatal neuronal loss and improvement of motor performance, was exerted by preventing sequestration of the CREB-binding protein into striatal neuronal intranuclear inclusions (NIIs) composed of polyQ aggregates. The specific PDE10A inhibitor, TP-10 also displayed neuroprotective effects in the R6/2 mouse model of HD, by significantly reducing lesion size and elevating CREB activation in the striatal spiny neurons [105] . Moreover, TP-10 tempered behavior deficits, and reduced striatal and cortical neuronal loss, NIIs formation in the striatal region, as well as microglial activation [105] . Finally, TP-10 increased pCREB and BDNF levels in the striatum and cortex of R6/2 mice [105] . Overall, these studies suggest that PDE4 and PDE10A inhibition by rolipram and TP-10, respectively, is a promising therapeutic approach to treat HD.
Regulation of the Ubiquitin/Proteasome Pathway Via cAMP-Signaling (Fig. 1, Green Boxes) There is a rising interest on the ubiquitin/proteasome pathway (UPP) as a pharmacological target to prevent/treat chronic neurodegenerative diseases, such as AD, PD, HD, and ALS [106, 107] , as well as cardiovascular conditions, such as hypertrophic and dilated cardiomyopathies, and ischemic heart disease [108] . All of these conditions are characterized by intracellular ubiquitin-protein aggregates in the affected neurons or in the heart [106, 108] . To achieve such a goal several steps of the UPP can be therapeutically targeted, including the ubiquitination cascade and/or protein degradation by the proteasome.
Recent studies focused on manipulating the UPP via cAMP-signaling, particularly in neurons and in heart. For example, in dopaminergic-like PC12 cells, the cAMP analog 8-(4-chloro-phenylthio)-cAMP or CPT-cAMP, prevented apoptosis and the intense diffuse ubiquitin staining induced by the proteasome inhibitors lactacystin or ZIE[O-t Bu]-A-leucinal (PSI) [109] . Moreover, proteasome inhibition in rat cerebral cortical neurons caused the early accumulation of detergent-soluble ubiquitinated proteins, leading to caspase activation and tau pathology [110] . These events were mitigated by the cAMP analog Bt2-cAMP, which was shown to stimulate proteasome activity [110] . Similar protection by Bt2-cAMP against proteasome inhibition was observed in rat spinal cord neuronal cultures [111] . In the latter study, Bt2-cAMP increased 26S proteasome activity and also raised the levels of various components of the UPP, including proteasome subunits Rpt6 and b5, polyubiquitin shuttling factor p62/sequestosome1 (p62/sqstm1), E3 ligase CHIP, AAA-ATPase p97, and the ubiquitin gene ubB [111] . Interestingly, the scaffold protein p62/sqstm1 reversibly sequesters the phosphodiesterase PDE4A4, thus providing a means to compartmentalize cAMP-signaling within particular intracellular microdomains [112] .
In mice, isoproterenol-induced cardiac hypertrophy is associated with inhibition of the 20S proteasome [113] . Activation of endogenous PKA with cAMP prevented 20S proteasome inhibition under the latter condition [113] . The remarkable in vivo protective effects of cAMP-PKA signaling on the proteasome were confirmed with canine hearts [114] . This study demonstrated that exogenous or endogenous PKA stimulation rapidly enhanced 26S proteasome assembly and its activity, without causing changes in proteasome subunit levels [114] . Structural and functional associations of PKA and protein phosphatase 2A (PP2A) with the 20S proteasome were revealed by a combination of different methods using the murine heart [115] . The results from the latter study further confirmed that phosphorylation of the 20S proteasome elevates its three peptidase activities in a substrate-specific manner [115] . Global characterization of the 20S proteasome phosphoproteome was carried out by combined analytical approaches in murine cardiac and hepatic tissues [116] . Identification of at least 52 target sites in the 20S proteasome for PKA-mediated phosphorylation, provides guidance for investigating mechanisms by which PKA regulates proteasome activity [116] . On a different note, cAMPsignaling protected pancreatic beta-cells from high glucose toxicity, by promoting proteasome-dependent degradation of the thioredoxin interacting protein (TxNIP) [117] .
In conclusion, to meet the various cellular requirements, proteasome genes are subjected to tight regulation that includes both selective and concerted transcriptional induction [118] as well as post-translational modifications [119] . Notably, PKA-mediated phosphorylation of proteasome subunits in its core [120, 121] and regulatory particles [122] , is postulated to enhance assembly of the 26S proteasome [119] .
Besides the proteasome, other components of the UPP are regulated by cAMP-signaling. As such, in vitro and in vivo elevation of cAMP in rodent skeletal muscle decreased proteasome activity, ubiquitin-protein conjugates, and the levels of atrogin-1, an E3 ubiquitin-ligase that plays a role in muscle atrophy [123] . Furthermore, inhibiting PDE4 with rolipram, downregulated proteasome activity and suppressed up-regulation of the E3 ubiquitinligases atrogin-1 and MuRF-1, induced in rat skeletal muscle by fasting [124] . These results support activating cAMP-PKA signaling to reduce proteasome activity as well as the levels of the two aforementioned E3 ubiquitinligases, as a potential therapeutic approach to treat skeletal muscle atrophy [124] .
The A-kinase anchor protein AKAP121 complex selectively enhances the propagation of cAMP-signaling from the cell membrane to mitochondria [125] . AKAP121 binds to PKA, to the phosphatase PDE4A and to several mRNAs of nuclear-encoded mitochondrial proteins [125] . Upon ischemic injury, the levels of the RING domain E3 ubiquitin-ligase SIAH2 are elevated leading to accelerated degradation of AKAP121 in a proteasome-dependent manner [125] . AKAP121 degradation triggers the downregulation of mitochondrial activity so that cells can adapt to low oxygen levels under hypoxic conditions [125] . Therefore, the cross-talk between the UPP and PKA via AKAP121, provides a means to regulate mitochondrial dynamics and activity, so that cells can adapt to changes in oxidative metabolism [125] .
Conclusions
The complexity of the UPP pathway is matched by the diversity of its regulatory mechanisms. Understanding the intricate connections between cAMP-signaling and the UPP is essential to identify relevant players and molecular mechanisms governing the function of this major intracellular proteolytic pathway, and provide the necessary knowledge to selectively overcome the challenges of protein turnover in human disease. The cAMP-signaling pathway can be manipulated at different levels as depicted in Fig. 1 and described throughout this review. The challenge rests on developing strategies that enhance degradation of misfolded and aggregation-prone proteins without compromising the normal function of the UPP. In a recent review [126] , drugs that modulate specific UPP components were characterize as potential therapeutic agents. Herein we review how targeting cAMP-signaling to maintain UPP function in a sustainable manner offers an effective therapeutic approach against UPP-related proteotoxicity in chronic neurodegenerative and cardiovascular conditions associated with UPP dysfunction and the accumulation of ubiquitin-protein aggregates.
